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Abstract 
The combination of microwaves exposure with the localized convection heating is seen as a practical solution to 
improve the uniformity and control of pure microwave heating of moist porous substrates. This effect is explored 
here, with an emphasis on the competition of such physical mechanisms. Simple experimental techniques have been 
adopted to determine the thermal response of a common biological substrate in a microwave (MW)/jet-impingement 
(JI) oven prototype (1 kW of nominal power), allowing for the local characterization of its electromagnetic and fluid 
dynamic behaviour. A rational approach is proposed by presenting a number of descriptors to help identify the 
MW/JI interrelationships that drive the substrate’s local temperature rise, including the total process time (up to 1 
min), the JI temperature (in the 60-100°C range) and Reynolds number (in the 8000-15000 range). 
 
 
Keywords: Microwave, Jet impingement, Heat transfer 
1. Introduction 
Although the use of microwave (MW) ovens has been proven beneficial in food preparation due to its 
speed and convenience, the potential of MW heating is currently not fully realized due to its generally 
non-uniform effects on the product finishing. During MW exposure of a solid-fluid mixture or food 
substrate drying occurs, directly within the food proper: the friction produced by the dipoles rotation and 
by the migration of ionic species to regions of opposite charge generates heat, specially where the water 
content is in relative excess [4, 7, 8]. This cannot be removed by a bulk convective flow, thus yielding 
with a undesirable general non-uniform surface moisture [1, 6]. 
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A viable option to mitigate this is the use of an optimized forced convection, as the jet impingement 
(JI), that result in improved heat and mass transfer, even for moderately turbulent flows [5]. 
In the research proposed herein a MW/JI combination oven prototype has been set-up and operated, 
exercising low MW power density [4], also to prevent pressure build-up and splatter and allow 
monitoring and calibration. Local temperature distributions in potato samples have been determined, as 
dependent on some critical process parameters such as the effect of microwave exposure and relaxation 
times, and the impinging jet  velocity and temperature, for a given process time. 
2. Materials and Methods 
The experiments have been carried out in a prototype plant consisting of a commercial MW oven and 
an auxiliary system of JI heating. A professional microwave oven (Samsung Electronics Italia CM1039, 
Cernusco s.N., Italy) was employed, with 5 nominal power levels up to 1000 W. The oven was modified 
by introducing (Fig. 1) a Venturi-meter calibration nozzle (TSI, Shoreview, MN, USA) to realize a 
precise outlet velocity profile of the jet [2]. Two separate temperature measurement systems were 
adopted, whose data were acquired by a dedicated PC. Three optical fiber thermometers fed by a signal 
conditioner (Ipitek, LT-X5 and LT-X5O, Carlsbad, CA, USA) were employed in the oven cavity and in 
the working sample. In addition, three K-type thermocouples and their data-logger (Pico Technology TC–
08, St Neots, UK) were supplied to the auxiliary air heating system, to monitor the temperature progress 
in the inlet duct before the blower, in the nozzle plenum and at the oven exhaust. 
 
 
 
 
Fig. 1. The prototype oven and related system components 
 
3. Results and Discussion 
The analysis is focussed upon the dimensionless descriptors for the fluid dynamic (Re) and local 
thermal (T*) regimes (adopting the initial sample temperature as the reference one), and process duration 
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(ǻt*). Potato samples from the local market were carefully dimensioned and cut in 4.7 × 3.6 × 2.2 cm 
chunks, placed on a wood mesh pedestal, directly under the injected air. Three optical thermometers 
continuously read T*1, T*2 and T*3 (for the top, centre and bottom locations, respectively) at the sample's 
vertical axis. A total of 10 operating schemes were employed by varying MW intensity and jet velocity 
and temperature (Table 1): 
1. pure MW treatments, with operating schemes MW2 (337 W, nominal) and MW3 (555 W, 
nominal). 
2. combined MW/JI treatments, i.e. enhanced by the application of JI obtained by varying the TJ 
and Re. 
The effective MW exposure times were regulated by imposing a magnetron working time ǻt*1, 
followed by a resting or relaxation period ǻt*2, in which the heat ad mass transport in the subject sample 
is residual only. Overall test durations were chosen so that the shape was left unaffected by heat and mass 
transfer related to the process. 
The thermal histories of the three considered locations (top, T*1; centre, T*2; bottom, T*3) for the 
considered treatments (Table 1) are presented in figures 2, 3 and 4, respectively. 
Table 1. System operating parameter and associated scheme nomenclature 
scheme nr. TJ (K) Re ǻt*1 ǻt*2 scheme name 
1 - - 0.34 0.66 MW2-JI0 
2 330 8.86×103 0.34 0.66 MW2-JI1 
3 373 8.09×103 0.34 0.66 MW2-JI2 
4 330 14.5×103 0.34 0.66 MW2-JI3 
5 373 13.3×103 0.34 0.66 MW2-JI4 
6 - - 0.56 0.44 MW3-JI0 
7 330 8.86×103 0.56 0.44 MW3-JI1 
8 373 8.09×103 0.56 0.44 MW3-JI2 
9 330 14.5×103 0.56 0.44 MW3-JI3 
10 373 13.3×103 0.56 0.44 MW3-JI4 
3.1. Shorter MW exposure and milder JI 
At the top (T*1), for MW2-JI1 the heating effect by JI is very low, but increasing however with the jet 
temperature. At the centre (T*2), the JI  enhances the process with respect to the pure MW treatment 
(MW2-JI0) and the conductive contribution increases with the jet temperature. At the bottom (T*3), the 
MWs are absorbed somewhat more efficiently. This is consistent with the fact that even a brief exposure 
to MW rapidly reduces the sample’s starch content and favours the formation of sugar solutes [2], [3]. 
The sample structure is damaged and a higher porosity is acquired, that  favours the diffusion of moisture 
due to gravity and the vapour pressure gradient that readily builds up at the evaporation on-set. The sugar 
solutes excess then works as an amplifier of the MW heating. Then, as T*3 lies downwind with respect to 
the prevailing JI flow pattern, the dependence on the jet temperature and Reynolds number is more 
complicated. Indeed, the heating by JI seems to decrease with jet temperature, when compared to the top 
location histories. It appears then that the transport of momentum and heat, complemented by the MW 
perturbation and solute diffusion are intertwined and non-linearly interdependent one another, resulting in 
a difficult but intriguing interpretation of the effect of the combined treatment. For the MW2-J1 and 
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MW2-J2 treatments, the conduction transport prevails at the top and centre location of the sample, while 
the role played by the convection transport is more complex. 
Following a Re increment, then, it is concluded that due to conduction and mass diffusion, the heating 
by JI is less effective, damping the effect of the specific MW production mode, except than in the top 
location which is directly impinged by the working air. 
 
 
Fig. 2. Thermal histories in the sample top location for  all the considered treatments 
3.2. Shorter MW exposure and stronger JI 
With the increasing Re, the heating on-set loses synchrony with the adopted MW production mode in 
all sample’s location, as the internal conduction is more effective instead. At the top location (T*1), 
comparing the progress for MW2-JI4 to that for MW2-JI2 in Fig. 2, the increment of 40% of Re results 
after ǻt*=2 in about a 30% increment in the dimensionless temperature. This effect is milder, as expected, 
for a colder JI (for MW2-JI3). At the centre location (T*2) the increment of the convective mechanism is 
barely felt, so the heating relies more on conduction (Fig. 3). At the bottom location (T*3) the 
aforementioned cooling effect is more evident, for increasing Re, even for warmer JI (Fig. 4). 
3.3. Longer MW exposure, with and without JI 
The thermal histories are finally considered for longer MW exposure, for treatments MW3-JI0, MW3-
JI1 and MW3-JI2, and MW3-JI0, MW3-JI3 and MW3-JI4. The thermal regime is higher when prolonging 
the working time ǻt*. 
But at the top location (T*1, in Fig. 2) directly under the jet, this controls the temperature more 
effectively than with the shorter exposure. The MW perturbation is now felt at a greater extent at the 
bottom location (T*3 in Fig. 4). All in all, T*2 and T*3 behave similarly to what already reported, as far as 
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the conductive contribution at the centre location, and the heating excess due to solute transport at the 
sample’s bottom. 
 
Fig. 3. Thermal histories in the sample central  location for  all the considered treatments 
 
Fig. 4. Thermal histories in the sample bottom  location for  all the considered treatments 
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Results show that the longer MW treatment generally allows for higher thermal regime in all locations. 
But associated with this stronger driving force the conductive/diffusive and convective transport of heat 
and mass become more complex. 
As speculated earlier, the bottom location is the one exhibiting the higher temperatures, the top 
position being the colder one. With MW/JI combined, the temperature are always lower than with pure 
MW treatment. With this stronger MW heating, the availability of moisture is larger for the top and 
bottom locations which are more exposed to the convection, presumably due to the turbulent wake which 
is formed under the sample self, for this particular flow field. 
Due to this ability of convey moisture away, there is a latent cooling effect of JI even for the higher jet 
temperature, an effect being greater where the sample is more moist or even soaked, i.e. at the sample’s  
bottom. 
In all the position, the pure MW process allows for higher temperature. As in previous cases, among 
investigated positions, the bottom is the one exhibiting the higher temperatures, the top position being the 
colder. When JI is combined to MW, in all the investigated positions the reached temperatures are lower 
with respect to pure MW exposition and the behaviour of heating in the investigated positions is the 
opposite: the top exhibits the higher temperature values while the bottom results as the cooler position. 
The cooling effects of JI, at higher Re number, are due by its capability to convey the moisture far from 
the sample thus cooling it down. The higher cooling effects at samples bottom are probably due by that 
accumulation of moisture in the lower part of the sample, as discussed in the above sections. In the 
present case, the MW power being the higher among considered case, the sample structure is subjected to 
stronger electromagnetic field: a porous structure is formed as result of the intense heating and moisture 
easy goes to bottom enhancing, locally, the capability to further absorb MW power. But the wetter the 
bottom, the better the JI exerts its convective action on the moisture, thus taking away energy as latent 
heat. 
 
4. Conclusions 
An experimental work has been proposed on a pilot plant to allow the combination of microwave 
exposure and localized forced convection. The complex combination of driving forces and transfer 
phenomena has been examined locally within a food sample. 
For Re higher than 13000 a cooling effect is detected even for hot jets, whereas for milder flows the 
action of jet impingement is almost irrelevant. For longer microwave exposures, an excess of moisture is 
found at the sample’s bottom, therefore the heating increases due to the greater energy absorption, and the 
jet impingement may lead to strong localized cooling. 
This work infers on the importance of studying the combination of microwave exposure and localized 
convection by an integrated approach, in which the effects of the internal and external heat and mass 
transport mechanisms are coupled to the multi-physics which is typical of electro-assisted processes. 
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